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In studies to simplify the fabrication of bulk-heterojunction organic photovoltaic (OPV) devices, it was found that
when glass/tin-doped indium oxide (ITO) substrates are treated with dilute aqueous HCl solutions, followed by UV
ozone (UVO), and then used to fabricate devices of the structure glass/ITO/P3HT:PCBM/LiF/Al, device performance is
greatly enhanced. Light-to-power conversion efficiency (Eff) increases from 2.4% for control devices in which the ITO
surface is treated only with UVO to 3.8% with the HClþUVO treatment-effectively matching the performance of an
identical device having a PEDOT:PSS anode interfacial layer. The enhancement originates from increases in VOC from
463 to 554 mV and FF from 49% to 66%. The modified-ITO device also exhibits a 4� enhancement in thermal stability
versus an identical device containing a PEDOT:PSS anode interfacial layer. To understand the origins of these effects,
the ITO surface is analyzed as a function of treatment by ultraviolet photoelectron spectroscopy work function
measurements, X-ray photoelectron spectroscopic composition analysis, and atomic force microscopic topography and
conductivity imaging. Additionally, a diode-based device model is employed to further understand the effects of ITO
surface treatment on device performance.

I. Introduction

Organic photovoltaic (OPV) devices are of great interest due to
their promise as low-cost alternatives to conventional inorganic
photovoltaic devices, such as those based on Si, with the potential
to be produced on a large scale by established high-throughput
manufacturing methods, including roll-to-roll processing or
screenprinting.1-16While a significant research effort has focused
on the active layer electron donor and acceptor materials,
optimization of the device interfaces presents an equally important

challenge which, most significantly, is generic to any OPV device
architecture.17-20 Interfacial phenomena that dictate device per-
formance, such as Ohmic contacts, interfacial cohesion, and
charge traps, are largely independent of the cell design but must
specifically accommodate the particular donor and acceptor
materials being employed. The broad applicability of interfacial
tailoring forOPV function thereforemerits detailed investigation.
This approach has already proven successful in other organic
electronic devices such as field-effect transistors (OFETs)21-27

and light-emitting diodes (OLEDs),28-38 and is nowbeing evaluated
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in OPVs.19,39-45 Previously, p-type NiO,19 n-type TiOx,
46,47 and a

cross-linked TPDSi2:TFB polymer blend45 have been utilized as
interfacial layers (IFLs) in the bulk-heterojunction (BHJ) OPV
architecture. In the case of NiO, the addition of a thin oxide layer
(10 nm) between the OPV tin-doped indium oxide (ITO) anode
and the active layer blocks leakage ofminority carriers (electrons)
and promotes collection of majority carriers (holes), addressing
problems intrinsic to the basic BHJ device design. The NiO IFL
affords a 24% increase in open-circuit voltage (VOC) to 638 mV
and an overall increase in light-to-power conversion efficiency
(Eff) of 70% to 5.0% with an active layer composed of poly-
(3-hexylthiophene) (P3HT) and the fullerene derivative [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM), as compared to
a bare ITO anode control device. This example also represents an
∼22% increase over the state-of-the-art device performance
achievable when the IFL is conventional PEDOT:PSS (1:6weight
ratio).48 These marked device performance enhancements clearly
demonstrate the importance of OPV interfaces.

A major motivation for OPV interface research is the widely
accepted shortcomings of the standard anode materials, ITO and
PEDOT:PSS. Both suffer from pronounced electrical and com-
positional inhomogeneity.49-51 This introduces the nontrivial
problem of spatially varying work functions and limited effective
interfacial area for efficient charge collection. Previous studies
have addressed the effect of various organic and inorganic IFLs;
however, the specific role of the ITO anode surface in OPV
function has received little attention. Can it be modified in such a
way that an IFLwould be unnecessary? Previous reports32,50 have
shown that when ITO film surfaces are treated with aqueous
haloacid solutions, the work function is increased to as high as
5.0 eV, which is accompanied by significant surface electrical
homogenization. This suggests that an interface capable ofOhmic
contact to the P3HT electron donor for loss-less charge collection
might be realizable (Figure 1a), in addition to more effective
charge collectionwith a greater percentageof electroactive surface
area.17,52 In this contribution, we describe the effects of aqueous
HCl treatment on the surface of ITO and the consequences of

incorporating HCl-treated ITO into P3HT:PCBM BHJ OPVs.
Furthermore, we report that PV performance rivaling that of
PEDOT:PSS-based devices can be achieved without the necessity
of an IFL. To understand how this performance enhancement
occurs, we probe the ITO surface as a function of HCl treatment
with UV and X-ray photoelectron spectroscopy, van der Pauw
electrical conductivity measurements, and topographic and con-
ductive atomic force microscopy. Additionally, we implement a
diode-based devicemodel to further understand the effects of ITO
surface treatment on device performance.

II. Experimental Section

Materials. PCBM30 was purchased from American Dye
Source, Inc. (ADS) and was further purified by several cycles of
sonication in toluene followed by filtration and then sonication in
pentane, followed by centrifugation. P3HT53was purchased from
RiekeMetals, Inc., andwas further purified by sequential Soxhlet
extractions with methanol and hexanes. The solvent 1,2-dichlor-
obenzene (Drisolv) for spin-coating was purchased from EMD,
distilled from P2O5 under anaerobic conditions, and stored under
N2. Bulk solvents (ACS grade) for substrate cleaning and HCl
(concentrated) for ITO etching were purchased from EMD and
used as received. PEDOT:PSS (electronic grade, 1:6 w:w) was
purchased from H.C. Stark and stored in a refrigerator. LiF
(99.98%) andAl slugs (99.999%)were purchased fromArcos and
Sigma-Aldrich, respectively, and used as received. UV-curable
ELC-2500 epoxy used for device encapsulation was purchased
from Electro-lite Corp.

Instrumentation. X-ray photoelectron spectroscopy (XPS)
data were collected on an Omicrometer ESCA probe (Omicro-
meter, Taunusstein, Germany) equipped with an EA125 energy
analyzer. Photoemission was stimulated under ultrahigh vacuum
(10-8 Torr) by amonochromatedAlKR (1486.8 eV) 300WX-ray
source with a circular spot size of∼1.5 mm. The incident angle of
the photon beam on the sample was fixed at 15� to probe only the
atoms nearest the ITO surface. Binding energies of spectra are
referenced to the C 1s binding energy set at 284.7 eV. Work
functions were measured by ultraviolet photoelectron spectro-
scopy (UPS) using a Kratos Axis Ultra photoelectron spectro-
meter with a 21.2 eV He (I) excitation source and a 5 eV pass
energy. The UPS spectra were collected while applying a -5.0 V
sample bias to enable the identification of the low kinetic energy
edge of the spectrum.

The electrical properties of the ITO films weremeasuredwith a
Bio-RadHL5500 van der Pauwmeasurement system. Profilome-
try was performed with a Tencor P-10 profilometer. Atomic force
microscopy (AFM) data were generated under ambient condi-
tions with a Veeco Dimension V AFM equipped with an Ex-
tended Tunneling AFM (TUNA) module.54 Topographic and
conductive AFM (cAFM) images were simultaneously collected
in contactmodewhile applying aþ10mV sample bias and using a
Budget Sensors ContE Cr/Pt conductive probe. An electrical
connection was made to the ITO by contacting a small amount
of silver paint applied to the edge of the substrate.

OPV device performance was evaluated at 298K using a Class
A Spectra-Nova Technologies solar cell analyzer having a xenon
light source that simulates AM 1.5G light from 400-1100 nm.
The instrument was calibrated with a monocrystalline Si diode
fittedwith aKG3 filter tobring spectralmismatch close tounity.48

The light source calibration standard was calibrated by the
National Renewable Energy Laboratory (NREL). Four-point
contacts were made to the substrate with Ag paste and cop-
per alligator clips. Individual devices were isolated by a mask
during testing to avoid light collection from adjacent devices and
edge effects. Thermal stability tests were performed by heating
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encapsulated devices at 60 �C on a hot plate in the ambient
atmosphere with ambient light exposure and periodic light J-V
analysis.

Substrate Preparation. ITO-coated glass (11 Ω/0) was
purchased from Delta Technologies, Ltd. in 25 � 75 mm strips.
The substrates were patterned to make two electrically separate
3 mm anode strips and 5 mm contact strips (Figure 1b) by apply-
ing a mask and dipping in hot concentrated HCl for 10 s. The
substrate was then quenched in saturated aqueous NaHCO3

solution, dried with a filtered N2 stream from a blow gun, and
sonicated in hexanes at 50 �C for 30min to removemaskadhesive.
The ITO-coated glass was next cut into 25.0� 12.5mm substrates
and cleaned by sonicating at 50 �C in aqueous detergent for
30 min, deionized (DI) water for 5 min, and then methanol,
isopropanol, and acetone, sequentially, for 30 min each. The
solvent-cleaned substrates were further cleaned, immediately
before use, in a UV ozone (UVO) oven (Jelight Co., Inc., model
42) for 10min under ambient atmosphere (the basis for the sample
herein referred to as the “control”).

PEDOT:PSS Deposition. As-received PEDOT:PSS solu-
tion was passed through 0.2 μm PTFE 13 mm syringe filters (PP
casing, Whatman) onto solvent-cleaned ITO substrates treated
with 30 min UVO and was then spun at 5000 rpm for 30 s. The
films were annealed on a hot plate at 150 �C for 15min in air. The
coated substrateswere then transferred toa glovebox immediately
after annealing to minimize water condensing on the surface.

HCl ITO Treatment. In a 250 mL Erlenmeyer flask, con-
centratedHCl (5mL) was combinedwith 195mLofDIH2O. The
well-mixed solution was poured into a polypropylene vessel into
which the ITO substrates in a polyethylene holder were then
placed. The entire vessel was sonicated in a water bath between
0 and 30 min (total submersion time of ITO substrate in HCl
solution) at 50 �C. Promptly after sonication, the substrate holder
was removedwith forceps and submerged repeatedly into freshDI
water to remove residual HCl. The substrates were subsequently
dried by filtered, pressurized N2 from a blow gun. Finally,
the substrates were cleaned in the aforementioned UVO cleaner
for 10 min immediately prior to use.

Device Fabrication. A clean, dry 10 mL Schlenk flask was
charged with P3HT (20 mg), PCBM (20 mg), and a stir bar. The
flask was cycled N2/vacuum three times on a Schlenk line, and
then purified 1,2-dichlorobenzene (1.0 mL, distilled from P2O5

and stored under N2) was added under a heavy N2 flush. The
solutionwas thenvigorously stirred for 30min in thedarkat 60 �C
under a static N2 atmosphere (closed vessel) to prevent solvent
loss, and was then sonicated at 50 �C for 1 h. The active layer
solution and the cleaned substrates were immediately transferred
to a N2-filled glovebox (<1 ppm of O2 and H2O), and then the
active layer solution was spin-coated onto bare ITO, ITO/PED-
OT:PSS, and/or HCl-treated ITO anodes in sequential steps at

550 rpm for 60 s and then at 2000 rpm for 1 s (thickness =
200-220 nm). The still-wet films were immediately transferred
from the spin-coater chuck to individual, covered Petri dishes and
allowed to slowly dry (∼20 min) undisturbed. Electrical contact
areas were then cleaned with dry, O2-free toluene and a cotton
swab, and subsequently annealed on a hot plate in the glovebox at
120 �C for 10 min. The actual annealing temperature of the films
was confirmed by a thermocouple affixed to a glass slide heated
under identical conditions. Still in the glovebox, LiF/Al (0.6 nm/
130 nm) cathodes were next deposited sequentially, without
breaking vacuum, using a thermal evaporator. The rates used
were 0.1 Å/s forLiFand∼2 Å/s forAl,with a chamber pressureof
∼1.0� 10-6Torr. The cathodeswere deposited through a shadow
mask with two 2.0 mm wide rectangular apertures perpendicular
to the twopatterned ITO strips to create four devices per substrate
(Figure 1b). Finally, the completed solar cells were encapsulated
inside the glovebox with a glass slide using UV-curable epoxy,
which was cured in a UV chamber for 12 min.

III. Results

The HCl-treated ITO films were characterized by AFM,
cAFM, and van der Pauw measurements as well as by UPS and
XPS, as discussed below. Devices fabricated from these sub-
strates/anodes were further characterized by light and dark J-V
measurements. Here, we describe the effects of HCl treatment on
the ITO surface and the impact of HCl-treated ITO when
incorporated in P3HT:PCBM-based BHJ OPV devices. As will
be presented below, optimal device performance corresponds to
an HCl exposure time of 20 min, and thus this condition is the
focus of the ITO surface analysis. It will be seen that this
straightforward procedure modifies the electrical homogeneity,
work function, and composition of the ITO surface in such a
manner as tomore favorably interact with the P3HT:PCBMBHJ
active layer. Throughout the entirety of this investigation, the
HCl-treated ITO surfaces were examined immediately after the
final treatment, be it aqueousHCl or 10minUVO,whereUVO is
the default treatment.
AFM/cAFM. ITO thin films are known to have a substantial

grain/subgrain structure in which the latter is not observable by
AFM but becomes visible when etched with haloacids.50 These
effects are also observed here with ITO grains of ca. 100-200 nm
evident when the substrate is treated with UVO only, with the
grain size decreasing to ca. 50 nm upon HCl þ UVO treatment
(Figure 2a,b). The increase in the density of features coincides
with rougher films, with the rms roughness increasing from 0.80
to 1.35 nm after the HCl treatment (scan area= 4 μm2). These
changes in grain structure are also evident in the cAFM images

Figure 1. Depiction of (a) the energy level diagram of the presentOPVdevices, spatially arranged. Represented are the near-Ohmic contacts
at the anode (HCl-ITO) and cathode (Al) with the HOMO of P3HT and LUMO of PCBM, respectively. Part (b) is a schematic of the OPV
architecture: 1, ITO; 2, P3HT:PCBM BHJ; 3, LiF; 4, Al.
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where grain boundaries are defined by areas of lower conductivity
(Figure 2c,d). Sharply defined in the cAFM images are areas of
higher conductivity, known as “hot spots”, and areas of lower
conductivity, known as “dead spots”. When the UVO-only
treated ITO is scanned at þ10 mV bias, the mean current
(Imean)=19.8 nA (σ=31.1 nA, Figure 2c), and scanning under
the same conditions on HCl-treated ITO yields Imean=9.11 nA
(σ=12.5 nA, Figure 2d). As seen visually when comparing parts c
and d of Figure 2, an increase in surface electrical homogeneity
with HCl treatment of the ITO surface is noted along with a
reduction in the mean current and its standard deviation. Addi-
tionally, it is clear that the overall current is appreciably reduced
by ∼50% after HCl þ UVO treatment, but on the macroscale,
van der Pauw measurements reveal no significant change in sheet
resistance (11 Ω/0).
UPS/XPS. UPS measurements reveal an increase in work

function of ∼0.1 eV when the ITO surface is cleaned with a
combination of aqueous HCl (20 min) and UVO (10 min), in
respective order, as opposed to UVO alone (Figure 3). Defining
the latter as 4.7 eV,55 the work function of the former would be
4.8 ( 0.05 eV. XPS measurements reveal a Sn:In ratio of 0.18 (
0.05:1.0 for the solvent cleaned-only ITO surface and 0.12 (
0.01:1.0 following HCl treatment, and these values are indepen-
dent of UVO treatment (Figure 4, Table 1). A sequential reduc-
tion in C contamination with treatment is observedwith an initial
C:In ratio of 2.37( 0.12:1.0 for untreated ITO to 0.36( 0.02:1.0
with solvent treatment. Ten minutes of UVO treatment further
reduces the C:In ratio to 0.23 ( 0.01:1.0, and the respective
combination ofHCl treatment and 10minUVOalso yields 0.23(
0.01:1.0, remarkably similar to an ITO surface treated with RIE/

oxygen plasma. Additionally, the O:In ratio is 1.20 ( 0.06:1.0
with solvent cleaning only and 1.12 ( 0.06:1.0 in combination
with 10 min UVO. HCl treatment reduces this ratio to 1.06 (
0.05:1.0, and subsequent 10minUVO treatment further decreases
the ratio to 1.03 ( 0.05:1.0. Chloride or other metallic contami-
nants are not detected by XPS.
OPVDevice Characterization. After initial optimization of

the aqueous HCl solution concentration to 0.95% (∼0.3 M) and
UVOexposure time to 10min, the optimum ITO exposure time to
HCl was determined. The ITO substrates were submerged in
the aqueousHCl solutionand sonicated for durationsbetween0and
30 min (total submersion time), and then were further treated in

Figure 2. AFM and cAFM images of treated ITO surfaces. AFM images: (a) UVO-only treatment; (b) HCl þ UVO treatment. cAFM
images: (c) UVO-only treatment; (d) HCl þ UVO treatment.

Figure 3. UPS spectra of an ITO surface treated with UVO only
(“control ITO”) or HCl þ UVO (“HCl-etched ITO”; exposure
times: HCl=20 min, UVO=10 min). Since both the HCl-etched
and UVO-only processed ITO samples share a common Fermi
edge, only the part of the UPS spectrum that includes the low
kinetic energy edge of each sample is depicted. To determine the
low-energy edge, a linear curve was fit to the initial 60% of the
points in the leading edge of each spectrum.

(55) Sugiyama, K.; Ishii, H.; Ouchi, Y.; Seki, K. J. Appl. Phys. 2000, 87 (1),
295-298.
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the UVO oven for 10 min. The completed devices were of the
structure glass/ITO/P3HT:PCBM/LiF/Al. Light J-V data reveal
a progressive rise then decline of VOC and fill factor (FF) with
maxima reached after 20minHCl exposure time andwithmetrics
of 554mVand 66%, respectively (Figure 5). An initial drop in JSC
is noted on HCl treatment, with a gradual rise in value to a
maximum at 15-20 min exposure time. An additional substrate
at 30 min HCl exposure time, but without subsequent UVO
treatment, was also included in these experiments to gauge the
effects and necessity ofUVO.When compared to the correspond-
ing ITO substrate treated with HCl þ UVO, precipitous declines
in VOC, JSC, and FF values are observed. OPV device response
data are summarized in Table 2.

Dark J-V device data are compared for ITO substrates treated
with UVO-only, HCl-only, and HCl þ UVO (HCl etch time=
30 min) in Figure 6. Scans were taken from -2.0 to þ2.0 V, and
the device area-normalized data are plotted on a logarithmic
scale. Devices having substrates treated with only UVO or only
HCl exhibit similar response, although theHCl-only devices show
slightly less current in the negative quadrant and slightly greater
current in the positive quadrant, with rectification ratios of
∼102 for both device types. When both treatments are combined
(HCl and then UVO), the rectification ratio increases substan-
tially to 106 and the current at V=0.0 is below the sensitivity of
the sourcemeter (Keithley model 2400). The current in the
negative voltage quadrant is reduced by ∼103� and increased
by∼101� in the positive voltage quadrant. On the basis of a least-
squares fit of the dark data (Figure 6), series resistance (RS) values
were calculated to be 3.13, 2.52, and 0.79 Ω 3 cm

2 for UVO-only,
HCl-only, and HCl-UVO, respectively.

In testing device temporal stability, devices based on HCl-
treated ITO (stored in a glovebox) were periodically evaluated for
performance, and the metrics were found to be within (5% of
their original values after 11months. The time span is only limited
by the date of this writing. To evaluate device thermal stability,
PEDOT:PSS-based and HCl-treated ITO-based devices were
continuously heated at 60 �C in the ambient atmosphere on a
hot plate and tested periodically over 1000 h. For both device
types, there is an initial drop in power output over the first 20 h,
followed by a linear regime (R2 > 0.99) with a gradual decline.

Figure 4. Offset XPS spectra for four ITO surface treatments. All
dataare normalized to the In3d5/2 peakof the “solvent/HCl/UVO”
sample. Note the decrease in the Sn:In and O:In ratios with
additional treatment.

Table 1. Atomic Ratios Determined from the XPS Data Stated in

Each Column As Compared to the In 3d5/2 Peak for ITO Thin Film

Surfaces As-Received (Untreated) or Treated by Solvent Cleaning,

Solvent/UVO, Solvent/HCl, and Solvent/HCl/UVO in Respective

Ordera

substrate C 1s1/2 O 1s1/2 Sn 3d5/2

untreated ITO 2.37( 0.12 1.96( 0.10 0.16 ( 0.01
solvent-cleaned ITO 0.36( 0.02 1.20( 0.06 0.18 ( 0.01
solvent/UVO 0.23 ( 0.01 1.12( 0.06 0.18( 0.01
solvent/HCl 0.27( 0.01 1.06( 0.05 0.12( 0.01
solvent/HCl/UVO 0.23( 0.01 1.03( 0.05 0.12( 0.01

aHCl exposure time=20 min, UVO=10 min.

Figure 5. LightJ-Vdata forBHJOPVdevices (glass/ITO/P3HT:
PCBM/LiF/Al) containing ITOanodeswith the indicated aqueous
HCl solution exposure times, followed by 10 min UVO treatment.
An additional plot is included for an ITO substrate that received
30min ofHCl solution exposure time but not the subsequentUVO
treatment (black line). Data at 25 min HCl exposure time are
indistinguishable from by data at 30 min HCl exposure time.

Table 2. Summary of the Performance Parameters from the Light

J-VData for BHJOPVDevices of the StructureGlass/ITO/P3HT:

PCBM/LiF/Al
a

exposure time (min) VOC (V) Jsc (mA/cm2) FF (%) Eff (%)

0 0.463 10.6 48.6 2.38
5 0.491 9.93 61.0 2.97
10 0.531 10.2 65.5 3.54
15 0.537 10.4 64.6 3.59
20 0.554 10.4 65.7 3.77
25 0.550 9.50 65.6 3.43
30 0.549 9.51 65.3 3.41
30b 0.432 8.99 57.6 2.24
40 nm PEDOT:PSS 0.583 10.1 64.8 3.81

aAdditional data are included for a device of the structure glass/ITO/
40 nm PEDOT:PSS/P3HT:PCBM/LiF/Al for reference. b Sample trea-
ted with HCl for 30 min but without postetch UVO treatment.

Figure 6. Dark J-V data plots of glass/ITO/P3HT:PCBM/LiF/
Al BHJOPV devices incorporating ITO anodes treated withUVO
only, aqueousHCl only, and finallyHCl thenUVO. The combina-
tion of surface treatments yields dramatic decreases in reverse-bias
current and a smaller increase in forward-bias current. The current
at V = 0.0 for the HCl þ UVO sample is outside the sensitivity
range of the sourcemeter (Keithley model 2400).

http://pubs.acs.org/action/showImage?doi=10.1021/la902879h&iName=master.img-004.jpg&w=171&h=133
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The linear portion of the data was then extrapolated to zero
power output to estimate time for device failure. It was found that
after ∼1200 h the PEDOT:PSS-based devices fail, while HCl-
treated ITO-based devices remain within ∼75% of their original
power output. The latter were found to fail after ∼4700 h.
OPV Device Modeling. Finally, given the variation in VOC

with the different ITO treatments, VOC analyses were performed
based upon a well-established single diode model:56-64

VOC ¼ n
kBT

e
ln 1þ Jph

J0
1 -

VOC

JphRSh

 !2
4

3
5 ð1Þ

where n is the diode ideality factor, kB Boltzmann’s constant,
T temperature, e the elementary charge, Jph the photocurrent
generated by the cell before recombination losses, J0 the reverse
saturation current, and RSh the shunt resistance. Prior studies
have applied eq 1 to calculate accurate values of VOC. Here, the
parameters in eq 1 were determined by a least-squares fit of the dark
data (Figure 6) for the HCl/UVO, HCl-only, and UVO-only cases
(assuming T=298 K for the dark conditions). Table 3 summarizes
these results. Methods reported by Perez et al.57 and Potscavage
et al.58 were used to estimate the temperature dependence of J0,
and (assuming T = 320 K under illumination) VOC values were
calculated to be 0.54 V for HCl-UVO, 0.57 V for UVO-only, and
0.50V forHCl-only.Note that for theUVO-only andHCl-only cases
there is significant deviation between the calculated and measured
VOC values, but for the HCl-UVO case, the calculated andmeasured
values are nearly identical (0.54 V vs 0.55 V, respectively).

IV. Discussion

The electronic structural properties and performance effects of
anode interfacial layers in organic-based diodes such as OLEDs33

and OPVs19,45 have been major research foci in this laboratory
and elsewhere. The phenomena underlying the effects of inter-
layers on OPV performance are presently not well-understood,
but the goals motivating the investigations are: (i) creation of
an Ohmic contact for the unhindered extraction of charge,
(ii) providing a high-lying conduction band (CB)/lowest unoccu-
pied molecular orbital (LUMO-in the case of the anode) to
prevent minority charge (electron) collection and consequent
counterdiode formation, (iii) suppressing leakage current,17 and
(iv) thermally stabilizing the interfacewith respect todegradation/
decohesion.28,29,35,45 The consequences of an effective electron-
blocking layer (EBL) on J-V metrics are anticipated to be

increased VOC due to reduction in counter bias,18,65-67 increased
JSC with increased hole conductivity reflecting the Ohmic contact
and reduced interfacial charge trap densities,68 and increased FF
due to reduced RS and increased RSh.

69 Indeed, such effects are
observed, and enhanced performance metrics achieved, when
IFLs of the cross-linked TPDSi2:TFB

45 polymer blend and
p-NiO19 are introduced into MDMO-PPV-based and P3HT-
based BHJ devices, respectively. PEDOT:PSS is also used exten-
sively as an IFL with both of these OPV materials systems.70,71

Each interfacial material offers the appropriate energy levels to
serve the intended purpose, while having a sufficient bandgap to
remain transparent in the regionswhere theBHJ spectral response
is greatest. While successful, these approaches introduce the
complexity of an additional fabrication step to incorporate the
IFL and the synthesis/purification of the requisite IFL materials.
The optimized modification of the ITO surface with dilute
aqueous HCl solutions reported here achieves performance
metrics comparable to devices containing a PEDOT:PSS IFL,
but in a simpler fabrication process and with greater device
stability.

The optimized ITO anode surface treatment includes tradi-
tional solvent cleaning of the ITO substrate, followed by sonica-
tion in 0.95% (∼0.3 M) HCl solution for 20 min at 50 �C, rinsing
in DI water, and finally UVO treatment for 10 min. The result is
Eff=3.77% at 25 �C and 1000W/m2 AM 1.5G irradiation. This
power conversion efficiency is approximately equal to that of a
device fabricated in parallel with a PEDOT:PSS IFL (Table 2).
When compared to a device that contains ITO prepared only by
traditional solvent cleaning andUVO treatment (the control), the
VOC is increased 20% from 463 to 554 mV, FF is increased 35%
from49 to 66%, andEff is increased 59%from2.38 to 3.77%. JSC
remains within 2% of the value of the former device. Changes in
the dark J-V data are equally substantial with an increase in
rectification ratio from 102 to 106. Interestingly, the dark data are
nearly identical for devices containing eitherHCl-treated ITO (no
UVO treatment) or UVO-treated ITO anodes, although the HCl-
treated ITO-based devices are slightly superior. It is not until the
two treatments are combined that substantial performance in-
creases are observed (the same trend is true in the light J-V data).
With HCl þ UVO-treated ITO, the reverse-bias current drops
103x at -2.0 V and forward-bias current density increases
101x at þ2.0 V, indicating considerably suppressed leakage
current and reduced RS. As shown in Table 3, RS drops sig-
nificantly for the HCl-UVO case: RS=0.79Ω 3 cm

2 for the HCl-
UVO treatment versusRS=3.1 and 2.5Ω 3 cm

2 for theUVO-only
and HCl-only treatments, respectively. Moreover, the decreased

Table 3. Parameters Extracted from a Least-Squares Fit of the Dark J-V Plots in Figure 6 to Eq 1

substrate RS (Ω 3 cm
2) n RSh (Ω 3 cm

2) J0 at 320 K (A/cm2) VOC, measured (V) VOC, calculated (V)

HCl-UVO 0.79 1.90 2.14� 106 3.26� 10-7 0.549 0.539
HCl-only 2.52 1.84 1.31� 106 5.08� 10-7 0.432 0.495
UVO-only 3.13 2.15 1.36� 103 6.67� 10-7 0.463 0.573
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current at (0.0 V indicates a significant increase in the device
shunt resistance RSh consistent with the large increases in FF
andVOC observed in the light data. A least-squares fit of the dark
data verifies this to be true with an ∼60% increase in RSh

(Table 3).
A key motivation for investigating the effects of incorporating

HCl-treated ITO into P3HT:PCBM BHJ devices is that the HCl
treatment is known to increase the ITOwork function from 4.7 eV,
with UVO or O2 plasma treatment only, to close to 5.0 eV with the
combination of HCl and UVO (or O2 plasma treatment).31,32,50

This is beneficial since an Ohmic contact would now be pos-
sible with the HOMO of P3HT, assuming a constant vacuum
energy level (Evac). An Ohmic contact would promote more
efficient charge (hole) collectionwithout energy loss or a Schottky
barrier. Here, the UPS measurements reveal a work function
increase of ∼0.1 eV when the ITO surface is treated with HCl þ
UVO, for a final value of 4.8 ( 0.01 eV. Although not exactly
Ohmic, a constant Evac is tentatively assumed, and its adjustment
could compensate for the remaining energy difference (þ0.2 eV)
to match that of the P3HT HOMO energy (5.0 eV). These issues
are discussed further below.

The origin of acid-induced changes in the ITO work function
has been discussed previously,31,32,50,55 and it appears from
the present results that the observed reduction in the Sn:In ratio
(0.18 ( 0.01:1.0 with UVO treatment only and 0.12 ( 0.01:1.0
with HCl treatment, with or without UVO treatment) depresses
the Fermi energy (Ef).

72 XPS also reveals that the O:In ratio is
reduced from a ratio of 1.20( 0.06:1.0 with solvent cleaning or in
combination with UVO to 1.06 ( 0.05:1.0 with HCl treatment,
and with successiveUVO treatment, the ratio further decreases to
1.03 ( 0.05:1.0. The dependence of surface [O] on the work
function of ITO is unclear, with conflicting reports.WhenH2O2 is
used to treat the ITO surface,73 Kugler et al. observe results
similar to this report (i.e., a decrease in O:In with an increase in
work function after oxidative treatment). In contrast, when
H3PO4 is used to treat the surface, the reverse (i.e., increase in
O:In with an increase in work function) is observed.74 However,
H3PO4 surface adsorption was also observed, and this would
artificially increase O:In. In the present work, no Cl was detected
on the ITO surface. Nonstoichiometric ITO surfaces with O:In as
low as 0.8:1.0 have been reported,75 and they result in a charged
film surface, which can have multiple implications. First, the
resultant charge/chemical depletion layer is additionally respon-
sible for the shift in Ef toward the valence band and the
subsequent increase in work function. Second, a charged ITO
surface would create an interfacial dipole with the organic active
layer shiftingEvac, potentially accommodating the present Ohmic
contact observed in the J-V data.76-80 Third, such a surface may
have an enhanced interfacial dipole-dipole interaction with the

P3HT and PCBM active layer components, in accord with the
enhanced device thermal stability (see Results section).

The compositional/electrical homogeneity of the anode surface
has important implications for OPV device performance. A
heterogeneous near-surface composition is known to create a
multitude of surface states,17,50,68 which act as parasitic recombi-
nation centers, introducing additional diodes into the OPV device
equivalent circuit (D2, Figure 7) in addition to the primary diode
(D1, Figure 7), and consequently reducing VOC and increasing
J0. Such a surface is observed here with UVO-only cleaned ITO
anode surfaces, with the presence of “hot spots”, peaks of
enhanced electrical conductivity, and “dead spots”, troughs of
electrical resistivity clearly evident in the cAFM images
(Figure 2c). The source of the hot and dead spots has been
attributed to the uneven distribution of Sn across the surface
(where hot spot= high [Sn], dead spot= low [Sn]) and C con-
tamination.50 When ITO surfaces are subjected to HCl þ UVO
treatment, there is a marked reduction in C contamination and
the Sn:In ratio, which accompanies the electrical homogenization
and reduced conductivity of the ITO surface (UVO-only treated
ITO: Imean=19.8 nA, σ=31.1 nA, Figure 2c; HCl-treated ITO:
Imean=9.11 nA, σ=12.5 nA, Figure 2d). Note that a reduction in
the O:In ratio (as observed here) corresponds to a reduction in
surface conductivity.75 The reduction in surface state density with
surface homogenization is supported by the observed increases in
VOC and RSh and a reduction inRS (Table 3). These observations
are significant in that they provide additional understanding of
the mechanism of OPV performance enhancement on IFL
introduction, in addition to the previously established models
invoking EBL function.17,19

When an IFL is introduced into the glass/ITO/IFL/P3HT:
PCBM/LiF/Al device structure, where IFL=PEDOT:PSS or p-
NiO, VOC increases to between 575-600 and 600-640 mV,
respectively, as opposed to the 554 mV reported here for HCl-
treated ITO (other increases in OPV performance metrics are
comparable or superior to those accompanying the introduction
PEDOT:PSS or p-NiO). In addition to electron collection at the
anode-the suppression of which is the primary role of an EBL-
it can be concluded from the present information that surface
states that impede/destroy charge carriers play a substantial role
in limiting device performance by hindering hole collection.
Finally, the accuracy of eq 1 in modeling VOC for the HCl-
UVO case, while providing relatively inaccurate estimates for the
HCl-only and UVO-only cases, supports the conclusion that the
HCl-UVO treatment indeed creates a uniform ITO surface
relative to the other two cases. The variations in the ITO surface
for the HCl-only and UVO-only treatments allows for additional
recombination pathways and more complex charge injection
dynamics at the ITO interface, thereby requiring a more complex
modeling approachbeyond the single diode approach represented

Figure 7. Equivalent circuit diagram for anOPV device where the
photocurrent (IPh) is in parallel with D1, the principal diode. Two
diodes shown in series (for diagram simplicity, D2), representing
multiple parasitic recombination pathways, are also each in paral-
lel with IPh. Also present are a parallel resistor (RP, otherwise
known as RSh) and a series resistor (RS).
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in eq 1 (e.g., see circuit diagram in Figure 7). The HCl-UVO
treatment, on the other hand, removes these recombination
complexities and is accurately modeled by a single diode descrip-
tion.

V. Conclusions

This contribution examines the effect of aqueous HCl treat-
ment on the surface of ITO films and its implications for the
performance of BHJOPVs having the structure glass/ITO/P3HT:
PCBM/LiF/Al. Under optimized HCl þ UVO treatment, the
ITO surface chemistry evidences reduced Sn:In and O:In ratios,
greater surface compositional and electronic homogeneity, and a
charged surface. The homogenization of the ITO surface results
in reduced charge trap density, yields improved VOC and FF
parameters, and is accurately modeled through a simplified
single diode approach. These results provide insight into the
mechanism by which an IFL enhances OPV performance, in
addition to the IFL function as a simple EBL. The HCl treatment
is sensitive to solution concentration, exposure time, and post-

treatment-surface chemistry, and light and dark device response
are all affected by post-treatment withUVO.Device performance
with an optimized HCl þ UVO-treated ITO electrode greatly
enhances the device Eff from 2.38% for the control device to
3.77%, essentially equaling the performance of a device with a
PEDOT:PSS IFL but with improved long-term temporal and
thermal stability. Such a result shows that for optimum OPV
device performance, simple chemical modification of the anode
surface can achieve many of the same effects as an interfacial
layer, but with significantly simplified device fabrication.
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